Many of the aircraft concepts of the future are exploring the use of hybrid-, turbo-or allelectric propulsion systems to improve performance and decrease environmental impacts. These aircraft concepts range from small rotorcraft for urban air mobility to conventional commercial transports to large blended wing body designs. Developing the conceptual design for these vehicles presents a challenge, however, as traditional aircraft design tools often were not developed to handle these unique propulsion system architectures. Previous studies on these vehicles have therefore relied on relatively simple models of the electrical transmission and distribution system. This paper presents the development of a hybrid AC-DC load flow (or power flow) analysis capability to enhance the conceptual design of these concept vehicles. Specifically, the desire was to create a load flow analysis capability within the OpenMDAO framework that is also being used to develop a set of compatible tools for rapid optimization of conceptual designs. This load flow analysis capability is unique in its flexible object-oriented structure and implementation of analytic derivatives to facilitate the use of solvers and gradient based optimization in the design process. The developed hybrid load flow analysis capability is first verified against a published 13-bus example then used to model the electrical distribution system for a turbo-electric tiltwing aircraft.
Developing the conceptual designs for these vehicle configurations presents a number of challenges, particularly in relation to the electrified propulsion systems. The primary challenge is that many of the traditional conceptual level design tools were not developed evaluate these unique configurations. Therefore, many of the preliminary systems analysis studies have utilized relatively simple models of the electrical power distribution system. For example, Welstead and Felder 4 analyzed the STARC-ABL concept by specifying a set of efficiencies for the components expected to be require. These efficiencies were based on assumptions about future technology levels and provided a simple means to determine the losses through each component. A similar approach was taken in an analysis of the X-57 by Falck et al. 9 While this approach provides a rapid systems analysis capability, it also lacks important details that may be critical to evaluating the electrical power system.
One approach for enhancing the propulsion and power system analysis capability for these concepts can be taken from the traditional load flow (or power flow) method. 10 This method is traditionally used by power engineers to model interconnected electrical systems such as the terrestrial AC power grid. However, it has also been extended to analyze DC and hybrid AC-DC systems 11 as well as isolated micro-grids. One of the benefits of the load flow method for EAP concepts is that it predicts voltages and currents throughout an electrical network given the states of distributed electric generators and loads. The approach therefore naturally lends itself to analyzing electric aircraft propulsion systems that may include a number of generators and motors. Additionally, the approach is commonly used to determine the optimal power flow and optimal operations of groups of generating units or to consider short circuit fault scenarios. These applications are critical for the development of efficient and robust electric aircraft propulsion systems. Overall, the load flow approach is a well established technique but has not been extensively applied in the conceptual design of aircraft propulsion systems. Furthermore, the additional information provided by a load flow analysis is likely to be beneficial for conceptual aircraft design studies.
This paper describes the development of a load flow analysis capability to support the conceptual design of electric aircraft propulsion systems. While other load flow tools exist, one specifically for EAP control studies, 12 none provide the connectivity and design capability desired for these studies. Therefore, Section II describes the development of an object-oriented hybrid AC-DC load flow analysis code that provides analytic derivatives to support design optimization studies. Following this development, the load flow code is verified by comparing results to a published thirteen bus hybrid AC-DC system. The load flow analysis code is then used in Section IV to examine the electric distribution system design of a turbo-electric tiltwing aircraft for urban air mobility. Lastly, Section V provides conclusions and future work from this study.
II. Load Flow Analysis Code Development
Load flow analysis provides a relatively simple approach for analyzing interconnected AC electrical distribution systems. An example of a simple 3-bus load flow analysis problem is shown in Figure 2 . In this example, a single generator (G) with a prescribed voltage magnitude (V) and phase angle (θ) is attached to bus 1 (represented by a horizontal line). Two loads (L 2 and L 3 ) with specified real (P) and reactive (Q) powers are also part of the system and are attached to bus 2 and bus 3 respectively. Between each of the buses is a transmission line, which although drawn as a single line, actually represents a three phase power system. The transmission line characteristics are defined by the resistance (R) and reactance (X) which collectively are referred to as the impedance. Given this input information for the generator, loads, and lines, the objective of load flow analysis is to determine the voltages, currents, and powers throughout the system. The traditional approach for determining these values is to first form an admittance matrix based on the line impedance values. This matrix is then multiplied by a vector of initial guess for the bus voltages to compute the currents entering and leaving each of the buses. Numerical methods such as a Newton-Raphson or Gauss-Seidel are then applied to determine the actual voltage for each of the buses needed to make the sum of the currents entering and leaving the bus equal zero. After the bus voltages are determined, the currents and powers throughout the system are then computed.
For this work, the goal was to develop a flexible load flow analysis capability that could be efficiently integrated into the conceptual design and optimization process for electric aircraft. While this traditional approach works well for conventional load flow studies, the basic process and traditional tools do not support gradient based optimization of these aircraft power systems which may contain both AC and DC components. Therefore, this research effort focused on creating a new hybrid AC-DC load flow analysis capability capable of modeling these systems with additional focus on supporting gradient based optimization through the implementation of analytic derivatives.
To develop this new modeling capability, the OpenMDAO framework 13, 14 was selected as the software basis due to several valuable features. First, OpenMDAO provided a flexible tool and modeling structure as it is an open source, object-oriented framework written in the python programming language. Of specific interest, the framework provides two base classes which provide the needed analysis and derivative calculation methods required to completely define the load flow systems. The first base class is an explicit component which computes a set of output values (ȳ) based on a set of inputs (x) following the generic expression in
The second base class of interest in OpenMDAO is an implicit component. This base class defines a set of nonlinear residual equations of the form given in Equation 2.
Here, the outputs (ȳ), also referred to as state variables, are determined by finding the values that make the residual equations true within a defined tolerance. The implicit component base class therefore provides an avenue for easily implementing a set of nonlinear equations which can be numerically converged through the use of a solver. Second, the OpenMDAO framework contains a number of linear and nonlinear solvers (such as Newton-Raphson) as well as gradient-based optimization algorithms which are required to solve and design the electric propulsion systems. These solvers and optimizers typically require the accurate and rapid calculation of gradient information to efficiently find solutions. OpenMDAO provided unique capabilities for analytically computing the partial derivatives of individual components in order to determine the overall total derivatives needed to facilitate the use of gradient based solvers and optimizers. 15, 16 Furthermore, the OpenMDAO framework is being used to develop and integrate a set of compatible tools for other disciplinary analyses needed for rapid optimization of conceptual electric aircraft designs.
Given these valuable traits of OpenMDAO, the calculations needed for a hybrid AC-DC load flow capability were implemented within the framework and will be described in the subsequent sections. While load flow analysis is typically only applied the AC systems, a hybrid AC-DC load flow method 11 was identified that enabled creation a system to capture both types of electrical systems. From this publication, a set of 10 objects which would be needed to model almost any electrical system were identified. These objects include AC and DC versions of the bus, line, generator, and load. In addition, components modeling an inverter and a rectifier are required to convert between the two different voltage sources. The sections below describe the AC versions of the bus, line, generator and load components as well as the converter which were developed in this research. The DC components are not described but are identical to their AC equivalents with the exception of the imaginary terms and phase angles in the equations. This separation of AC and DC components was made to maintain clarity in the use of these components and to simplify the computation of analytic derivatives in each of the developed components. In addition to the equations presented in each of the sections below, analytic expressions for partial derivatives of each output with respect to the each input were determined by symbolically differentiation and included in the code. These partial derivatives are key to enabling the rapid solution of the load flow problem as well as for multidisciplinary optimization around a load flow model.
Line
The line component is written as an explicit component in OpenMDAO such that it directly computes outputs based on inputs. The inputs to the line component are the resistance, reactance and the voltages (real and imaginary parts) of the buses at each end of the line. Given these inputs, the admittance is first computed using Equation 3. Next, the current at the two ends of the line (labeled a and b) are given by Equation 4 . Lastly, the line power at each end is computed using Equation 5 and the power loss through the line is computed following Equation 6 .
Load
The load component is also formulated within OpenMDAO as an explicit component. This component has inputs which specify the real and reactive power demanded by the load. In addition, the component also requires as input the voltage of the connected bus. With this limited set of inputs, the component computes the current required by the load using Equation 7 .
Bus
While the line and load can be implemented as explicit components, the bus component is written in OpenMDAO as an implicit component. This means that the component's outputs are a set of state variables with associated residual equations which must be determined by a numerical solver. For the bus, the output state variables are the real and imaginary components of the voltage on the bus (or the voltage magnitude and phase angle). The inputs to the bus are the currents from each of the lines, loads or generators attached to the bus. The residual equations implemented in the bus component require that the sum of the currents (both real and imaginary parts) entering the bus must equal zero as defined in Equations 8 and 9. While the voltage state variables are directly included in these equations, they are indirectly included as the voltage on the bus affects the currents computed by the lines, loads and generators.
ΣI r,k = 0 (8)
Generator
The generator, also an implicit component, is the most complex of the elements as it has two different operating modes depending on the type of generator being considered. The first mode is for a swing or slack generator. In this mode, the component has inputs for the target voltage magnitude and phase angle of the attached bus. In addition, the component takes in the present value of the voltage on the connected bus. The output state variables for the generator are the real and imaginary parts of the current sent by the generator to the bus. Using this inputs and state variables, the residual equations for the generator component are given in Equations 10 and 11. These two equations state that the voltage magnitude and phase angle specified as target values by the user must be matched by the actual voltage and phase angle from the bus. Again, the output state variables for the current are not directly included in these residual equations. However, the current state variables indirectly influence the residual equations as they change the currents entering the bus and therefore alter the voltage and phase angle required to satisfy the bus equations. As a result, using the real and imaginary parts of the current as output state variables still results in a valid system of nonlinear equations.
The second mode of operation for generator components is for a power-voltage controlled generator. For this mode, the real power and voltage magnitude supplied by the generator to its associated bus are specified as inputs. The first residual equation for this component is the same as Equation 10, which ensures the voltage magnitude produced by the generator matches that specified as input. The second residual equation is different as it ensures the real power produced by the generator matches the input value for the bus as given in Equation 12 . Similar to the slack generator, the power-voltage generator has state variables for the real and imaginary parts of the current sent by the generator to the bus.
Inverter
In addition to the basic components needed to model AC and DC systems, two components were created to convert between AC and DC portions of a hybrid power system. The first of these components was the inverter for DC to AC conversion. Modeling the inverter component was completed in a slightly different fashion than the previously described components. Rather than create a single custom component, the inverter was created as an OpenMDAO group of three subcomponents: a DC load, an AC generator (in slack mode), and a custom object computing the relationships between the AC and DC sides. This approach was selected as the inverter acts as a load on the DC portion of the system and as a generator on the AC portion. As a result, the existing code for DC load and AC generator could be reused with a simple implicit component created to ensure the proper relationships between the AC and DC sides are maintained. These AC-DC implicit relationships were adapted from the simple model described by Ahmed, Eltantawy and Salama. 11 The first relationship, given in Equation 13 , states that the voltage on AC is equal to the DC voltage multiplied by a modulation index (M ). Equation 14 states that the AC power leaving the inverter is equal to the inverse of the DC power entering times the inverter efficiency (note that power entering and leaving the inverter are of opposite sign). The inputs to these equations are V DC , P AC , M , and η while the output state variables are V AC m and P DC .
In addition to these two equations, one additional implicit relationship needed to be defined to fully determine the AC current exiting the inverter. For this relationship, two different modes of inverter operation were defined. The first mode mimics the slack generator and allows the user to define voltage phase angle of the attached AC bus following Equation 11 . This mode of operation allows an inverter to be the sole source of AC power in an isolated portion of the AC electrical system (i.e. that portion of the AC system does not have a slack generator). The second operating mode allows the user to specify the power factor (PF) for the power supplied by the inverter. Specifying the power factor determines the reactive power using Equation 15 . For both of these modes of operation, θ in is used as the output state variable.
Rectifier
The second component created for linking the AC and DC portions of a hybrid electrical system was the rectifier. This component followed a similar modeling approach as the inverter with the model being a group composed of three subcomponents: an AC load, a DC generator and a custom implicit object to define the relationships across the rectifier. The implicit relationships for the rectifier are given in Equations 16, 17 and 18. The first two equations again define the voltage and power relationships across the converter based on an input modulation index and efficiency. The last equation computes the AC reactive power based on an input power factor. For this implicit component, the inputs are V AC m , P DC , M , and η while the output state variables are V DC , P AC , and Q AC .
III. Hybrid AC-DC Load Flow Model Verification
Section II described the development of 10 individual components within the OpenMDAO framework that can be combined to model a wide variety of hybrid AC-DC electrical systems. While the equations described in the previous section are relatively simple, the next step in the development process was to verify the load flow calculations were implemented correctly. The verification effort described in this section was completed by examining two different aspects of the load flow calculations. The first verification step examined the functional equations used to create the individual components which were described in the previous section. This examination was completed by modeling a reference system and ensured the developed components could reproduce a known load flow solution. The second verification step evaluated the analytical expressions included in the load flow components to compute derivatives. These analytical derivative calculations were included in the developed tool to support of the Newton-Raphson solver and gradient based optimization algorithms.
For the first verification step, the load flow components were combined to create a reference hybrid 13-bus system shown in Figure 3 .
11 This system was selected as it includes instances of all 10 objects described in the previous section and was published with voltage and power results that would enable verification. While the results for the reference system are well documented, it should be noted that the impedance values specified in the publication for the system are incorrect. These values were found to be inconsistent with the published voltage and power results and were therefore not used in this study. Instead, the impedance values computed from the published voltage and power given in Table 1 were used in this study. 
AC DC Figure 3 . Hybrid AC-DC Load Flow Example.
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With these updated line impedances, the 13-bus system was recreated using the components developed in OpenMDAO and its included Newton solver. The bus voltages produced by this model are given in Table  2 along with the voltages given in the reference publication. Overall, the voltage magnitudes for all the buses show excellent agreement with the published data as the maximum error is less than 0.15%. The voltage phase angles also show good agreement but have larger errors in the range of 1.5 to 4.5%. While these phase angle errors are larger than desirable, they were deemed acceptable for verification purposes given the uncertainty in the line impedances described above. In addition to examining the bus voltages, the line powers were also compared to the published data with the results given in Table 3 . The real and reactive power values given in the table again show good agreement with the published values as the relative error is generally less than 5% for both quantities. These larger errors were again less than desirable but deemed acceptable for initial verification considering the line impedance uncertainty.
The second step in the verification process for the developed load flow analysis capability was to examine the analytically defined derivatives for the reference system. These derivatives are used to determine the search direction for the Newton as well as identify the direction of improvement for gradient based optimizers. Verifying the analytical derivatives computed by the load flow components was completed in two phases. In the first phase, the partial derivatives for each of the individual components described in Section II were compared to those computed using finite difference approximation. For the explicit components, this process computed the partial derivative of each output with respect to all of the input variables. For the implicit components, the partial derivatives of the residual values were computed with respect to both the input and output state variables. These comparisons for the explicit and implicit components found that the analytical derivative expressions computed derivative values that were closely matched by finite difference. This result therefore provided a strong indication that the analytic partial derivatives for each component were defined correctly. The second phase of the derivative verification examined the computation of total derivatives for the hybrid 13-bus system. These total derivatives span multiple components and determined by combining the appropriate partial derivatives defined in the individual components. Verification of these total derivatives again was completed by comparing derivative values to those determined by finite difference approximation. For the finite difference approximation, a relative step size of 10 −6 was used with the solver relative tolerance at 10 −10 . A portion of the results from the total derivative verification are shown in Figure 4 . This figure shows the absolute error of the derivatives computed analytically with those computed for finite difference for select bus voltage magnitudes with respect to changes in the real and reactive power inputs for each of the loads. For example, the upper left square in the figure shows that the absolute error of dV2 dP2 computed by the two methods was 2.8E−4. Overall, the figure shows the analytic and finite difference computed derivatives closely match as the maximum absolute error is on the order of 10 −2 with the relative errors typically being much smaller. The results of the total derivative verification therefore found that the analytic derivatives were properly implemented thereby providing accurate derivative information for use by both solvers and optimizers. Beyond verifying the output values and analytic derivatives, the evaluation of this reference system was also used to examine the performance of the developed analysis code. For this verification, the initial voltage guesses for the numerical iteration were set at 1 p.u. with a 0 degree phase angle on all buses. Initial guesses for the real power passing through the inverter and rectifier components were also set at ±0.6 MW. With these initial guesses, the implemented Newton-Raphson solver converged the system in 4 iterations to a relative tolerance of 10 −10 in less than 0.2 seconds on standard laptop computer. These results show that the hybrid 13-bus reference system can be converged tightly in a minimal number of Newton-Rapshon iterations with low wall time. In summary, this verification study demonstrates that the developed AC, DC and converter components are correct, provide accurate analytic derivatives, and are capable of efficiently modeling relatively complex electrical distribution systems in the support of future multidisciplinary optimizations of electric aircraft conceptual designs.
IV. Load Flow Analysis of a Notional Turbo-Electric Tiltwing Electric Distribution System
With a verified hybrid AC-DC load flow analysis capability, the next step in this research effort was to apply this tool to the analysis of a UAM tiltwing aircraft pictured in the center of Figure 1 . This conceptual vehicle design anticipates that the vehicle will be able to transport 15 passengers over a range of 400 nautical miles making multiple stops along the way. 6 Given the large size of this vehicle, the initial conceptual design determined that it would likely need to be power by a turbo-electric system. In this system, a turboshaft engine is used to generate electrical power that is then distributed to electrical motors driving the four propellers. The successful design of the electrical distribution system is therefore critical to the overall viability of this concept. While the initial conceptual design determined that the turbo-electric system would likely be required, a detailed analysis of the electrical distribution system was not completed as part of the design study. Therefore, this system was selected for analysis with the developed load flow tool as part of the present research. Ultimately, the intention is to couple the load flow electrical system model with other disciplinary models of this vehicle to develop a more detailed and realistic conceptual design. As the initial conceptual design published by Johnson 6 did not provide a detailed definition of the electrical distribution system layout, the first step was to define a potential layout for this system. The notional layout created as a baseline design for this study is shown in Figure 5 . In this layout, a single turboshaft engine would be connected to the AC generator (G) located at the bottom of the figure. This generator is assumed to provide power to bus 10 (shown as a horizontal bar) at 540 volts with a reference phase angle of zero. From bus 10 the current enters a rectifier (R) converting it to DC current which is output to bus 9 for transmission throughout the aircraft. Transmission of power to the various loads on the system occurs on an interconnected set of of lines. The resistance of these lines were assumed to be 0.00096 ohms per meter in length, with line lengths approximated from the conceptual design drawings. A single DC load for auxiliary systems (L Aux ) was included in the model and is shown at the center of the figure. This load is assumed to require a constant 2kW of power. At the top of the figure, the DC transmission lines connect to four DC buses (buses 5 through 8) which each connect to an inverter (I). The inverters are implemented such that the output voltage phase angle for the attached AC buses (buses 1 through 4) is zero. Attached to buses 1 through 4 are four AC loads (L) which were each assumed to have a power factor of 95%. A full description of the nominal design inputs for the tiltwing model is provided in Table 4 . While this electrical distribution system configuration may not ultimately be the setup for a real aircraft, the configuration provided a representative design that could be studied with the load flow analysis method. Therefore, using this notional model several different scenarios were evaluated to determine the potential design voltages, currents and power requirements. In addition, the analytic derivatives within the model were used to perform a sensitivity study. These scenarios and the resulting design implications are described in the following sections. Results for the scenarios in this section are shown graphically with tabular data included in Appendix A.
Nominal Operation
The first scenario considered the nominal hover operating condition for the tiltwing vehicle. In this scenario, a load of 565 kW was assumed for each of the four loads which represent the electric motors driving the propellers. With these loads, the load flow simulation was completed producing the results shown in Figure 6 . In this figure, the diagram on the left depicts current through the DC transmission lines. The arrows on the lines indicate direction of the current flow with the color specifying the amperage. The results show the lines running from bus 9 to the interior inverter buses (6 and 7) carry the most current. The majority of this current is used to power the interior motors with a small portion of the current continuing on to the outboard inverter buses (5 and 8) to power the outboard motors. However, most of the current for powering the outboard motors comes from the lines directly connecting buses 5 and 8 to bus 9. Given the symmetry of the system and the loads, no current passes through the line connecting buses 6 and 7.
The right diagram of the figure shows the voltage magnitude of each of the buses in the system. As mentioned in the beginning of this section, the generator provided power to bus 10 at a constant 540 volts. The remaining bus voltages decrease the farther away from the generator the bus is located, with the buses 1 and 4 having the lowest voltage magnitudes. Lastly, at the bottom of both the left and right diagrams, the figure shows that the generator is required to produce 2.3741 MW of power to balance this system.
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Non-Uniform Load Distribution
The second scenario examined a case were the power required by each of the loads varied across the span, possibly representing a turning maneuver. In this scenario, the power requirements on the left wing (loads 1 and 2) were decreased while the power requirements on the right wing (loads 3 and 4) were increased. However, the overall power requirement for all four loads was held equal to the nominal operating condition. The results from this scenario are shown in Figure 7 and are visually similar to those for nominal operation. However, given the higher power demands on the right wing, the lines going to the right wing carry slightly more current while those on the left wing carry less current. In addition, a small amount of current passes through the line connecting bus 6 to bus 7. This line connects the left and right wings and was initially added to the model to provide redundancy in the event of faults in the transmission lines. However, this scenario shows that some current may pass through this line under normal operating conditions depending on the power demands in the system.
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Single Line Fault
The third scenario examined the operation of the system when a fault occurred in the transmission line running from bus 9 to bus 6. This fault was assumed to result in a complete loss of transmission capability through this line. Despite this fault, the scenario still specified that the same amount of power needed to be delivered to each of the loads as the nominal operating scenario. With this cut transmission line, the load flow simulation was able to find a solution as shown in Figure 8 . In this figure, the cut transmission line is shown in gray with a red slash across it.
The results show that the current in the all remaining lines connected to bus 9 increase to transmit the required amount of power to the four loads, with the lines to both bus 5 and bus 7 increasing the most. Power is supplied to load 2 by sending some of this extra current through the lines connecting buses 5 and 7 to bus 6. In this scenario, therefore, the direction of current flow on the line between inverters 1 and 2 reverse compared to the nominal operation scenario. Furthermore, the result shows the value of the redundancy line which connects the left and right wings (between buses 6 and 7) as this line helps redistribute current and power in the event of a fault. The diagram on the right also shows that the voltage on buses 2 and 5 decrease in order to achieve a steady operating condition. Lastly, the load flow analysis of this scenario determined that the overall power that needed to be produced by the generator increased slightly to 2.3875 MW. While the overall load power demands remained the same as the nominal operating scenario, the line fault required current take a longer path to load 2 resulting in increased losses in the lines.
Double Line Fault
The last scenario considered the operation of the electrical distribution system when faults occurred in two lines going to the same wing of the aircraft. These faults were again assumed to result in a complete loss of transmission capability for the lines between the bus 9 and buses 5 and 6. As in the previous scenario, the overall power demands of the loads were held at the same values as the nominal operating case.
The load flow solution for this scenario is shown in Figure 9 . The results in the left diagram show that the current on the line from bus 9 to bus 7 nearly triples from the nominal operating condition. The majority of this current then flows to the inverters and loads on the left wing via the lines running from bus 7 to bus 6 and bus 5. The current on the line from the bus 9 to bus 8 also increases compared to the nominal scenario. The increased current on this line is used to support the power requirements of the rest of the system as the
565.0kW current in the line from bus 7 to bus 8 reverses direction compared to nominal operation. Achieving these current flows also necessitated a significant reduction in the bus voltages on the left wing compare to the previous scenario. Lastly, the double line fault in this scenario increased the power that must be produced by the generator by 2% to counteract the increased losses in longer transmission path.
565.0kW By examining this scenario in particular, the load flow analysis results show that the notional electrical system design provides a number of redundancies that can mitigate potential fault on multiple transmission lines. Furthermore, the results can provide useful information for determining the physical characteristics of the lines connecting the various buses such that they can provide satisfactory performance in potential fault scenarios. Lastly, examining scenarios such as this one can provide critical information for determining changes to turboshaft power requirements for emergency operation.
Sensitivity Study
In addition to evaluating the proposed tiltwing electrical distribution system design with the above scenarios, a simple sensitivity study was completed around the nominal operating condition. This study was used to provide insights about how changes to to a number of the design input values would impact the outputs of converged solution. This sensitivity study was completed using the analytic total derivatives computed by the developed analysis tool. The results in from the sensitivity study are given in Figure 10 . The elements of the grid show the percent change in the output variables (listed on the left) from the nominal condition values for a one percent change in the design input value (listed across the top). The color of each of element indicates the strength of the sensitivity with blue colors being a positive correlation and red colors indicating a negative correlation. In this figure, the first four columns give the sensitivity of the output generator power and bus voltages with respect to changes in the load powers. As would be expect, the required generator power has a strong positive correlation to the power values on each of the loads. While the numbers in the table are normalized for a 1% change to the nominal input value, the actual relationship is a 1W increase in load power results in a 1.06W increase in the required generator power. The generator power must increase more than the load power due to the losses in the lines. The first four columns also show that there is a slight negative correlation between changes in load powers and the bus voltage magnitudes. However, this correlation is not constant across all buses, as there are several darker orange clusters indicating stronger negative correlation. These darker clusters occur for the buses on the same wing of the vehicle as the load being changed (buses 1, 2, 5, and 6 for loads 1 and 2 or buses 3, 4, 7, and 8 for loads 3 and 4). This correlation is logical as an increase in a load on wing will necessitate a decrease in the bus voltages primarily on that side of the vehicle to draw more current for powering the load.
The next eight columns in the figure show the sensitivity of the generator power and voltages to changes in the individual line resistances. Examining these sensitivities is valuable for several reasons. First, the line resistances were based on an assumed line length and gauge. During the design process the length or gauge may change as the vehicle is sized to meet the mission requirements. Furthermore, the resistance of the lines will increase at higher line temperatures which are likely to result from power being lost in the lines. The results in the figure show a moderately positive correlation between increased line resistances and increased generator power demands. The results also show a slight negative correlation of the bus voltages for the increases in line resistances with the strongest correlations again being for those buses on the same wing as line resistance under consideration.
The last two columns show the sensitivity of the outputs with respect to the inverter and rectifier efficiencies. The efficiency of each of these components has a nearly one-to-one negative correlation with generator power. This result emphasizes the importance of the inverter and rectifier efficiencies on the overall viability of an electric aircraft propulsion system as each 1% drop in efficiency necessitates a 1% increase in generator power. The inverter efficiencies also have a moderate positive correlation with most of the bus voltages as this efficiency directly effects the power that must be delivered to each of the inverters. In contrast, the rectifier efficiency has no effect on the bus voltages throughout the system as the voltage on each side of the rectifier are set by the generator output voltage and rectifier modulation index.
V. Conclusion and Future Work
NASA and the aviation industry are researching a variety of new aircraft technologies that will make commercial aircraft more efficient by transitioning to alternative power and energy sources. Part of this research is focusing on electrified aircraft propulsion as it has the potential to reduce energy consumption, emissions and noise. A number of vehicle concepts have been proposed which this technology which span a broad range of aircraft sizes, configurations and missions. However, to date the conceptual level analysis of the electrical distribution systems for these vehicles have generally implemented simple models that do not provide extensive details regarding the electrical system design and performance. The research presented in this paper attempted to fill the gap by exploring the use of load flow analysis for the conceptual design of electrical distribution systems for these vehicle concepts.
The first part of this research focused on the development of a flexible and efficient load flow analysis capability within the OpenMDAO analysis framework. This framework was selected as it provides valuable features such as solvers and optimizers, and is being used to create a set of conceptual level analysis tools to enable multidisciplinary optimization of aircraft designs. Within the OpenMDAO framework, a set of 10 modular components were created which will enable the load flow analysis of most AC and DC electrical systems. These components included AC and DC lines, buses, generators and loads along with inverters and rectifiers. The creation of these components also included the analytical definition of the partial derivatives for each component to support the use of gradient based solvers and optimizers within OpenMDAO.
The next part of the research aimed to verify the created load flow analysis capability in OpenMDAO by reproducing the analysis of a published 13-bus hybrid AC-DC reference system. The individual load flow components were therefore combined to create a model of this system providing a test of each of the created components. The results from this analysis closely matched the published values (given some assumptions regarding line impedances) and verified the components were created correctly. In addition, the verification step compared the analytically computed derivatives with those determined through finite difference approximation. Both the partial and total analytic derivatives were found to closely match thereby validating the gradient calculations in the model.
The last part of the research effort explored the used of the verified load flow analysis capability to analyze the electrical distribution system for a turbo-electric tiltwing vehicle proposed for urban air mobility operations. The electrical distribution system for this concept vehicle was undefined, so a notional load flow model containing both AC and DC subsystems was proposed for this study. The model was then used to examine several different operating scenarios which varied load power requirements as well as introduced faults into the system. Analysis results from these scenarios provided information about the voltages and currents throughout the system. Furthermore, the fault scenarios showed the importance of adding redundant lines to the system as those lines enabled full power to be delivered to the loads even in the case of two faults. These fault scenarios also provided an indication of the changes to the line currents and required generator power which must be considered for these situations as part of the design process.
Overall, this research found that load flow analysis can be used within the conceptual design process for electrified aircraft to provide a more thorough analysis of the electrical system design. The developed load flow analysis capability in OpenMDAO was also found to be flexible and efficient enabling the rapid design, analysis and optimization of these concepts. These features will be valuable as this tool will be used in future research efforts into electric aircraft conceptual design. These research efforts will likely include further verification studies and application of the developed tool to electric distribution systems for other vehicle concepts. Lastly, the developed load flow analysis tool will be applied as part of a multidisciplinary optimization process for electric UAM aircraft concepts. This multidisciplinary analysis will also consider analysis of the gas turbine engine, propeller design, thermal management system, aircraft structures, and mission performance. The electrical system has direct ties to most of these disciplines making the integrated design of these systems with tools such as load flow analysis critical to generating viable vehicle designs.
A. Notional Turbo-Electric Tiltwing Electric Distribution System Results
The tables in this appendix provide details of the turbo-electric tiltwing scenario results presented in Section IV. Table 5 provides the currents through the DC lines. In this table, positive current values indicate flow from the bus in the first column to the bus in the second column with negative numbers indicating flow in the opposite direction. Table 6 provides the voltage magnitudes for both the AC and DC buses in the system. All voltage phase angles were set to zero and are therefore not included in the table. 
